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effects on the spatiotemporal dynamics of metapopulations. Here, we first examined the
effect of three forms of time-lag (that is, equal-weight, recency and primacy effects) on pop-
ulation dynamics, using a spatially structured lattice model. The time-lag was incorporated
in the niche construction process of the system (an organism–environment feedback). Using
bifurcations diagrams and numerical simulations, we found that the time-lag can form a
phase-locked oscillation. Three typical spatial patterns emerged: spiral wave, spiral-broken
wave and circular wave. These spatial patterns gradually become immobile as a result of the
self-organized ecological imprinting due to niche construction. Therefore, the phase-locked
oscillation and the ecological imprinting process together determine the spatial structure of
metapopulations and the environmental heterogeneity.
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Understanding mechanisms behind the pattern formation of ecological communities and their environment is important
in ecology [1,2]. This is because spatiotemporal patterns of populations can strongly affect ecosystem stability [3,4] and
therefore determine species coexistence in communities [5,6]. For instance, it is well known that many multi-species oscil-
latory systems (e.g., predation and competition models) can exhibit complex self-organized spatial patterns, such as waves,
turbulence, crystal lattice and spatial chaos [1–3,7–11]. Recently, the coupled-dispersal enemy-victim system has received
much attention because of the diversity of wave-like patterns that this oscillatory system can exhibit [12,13]. Furthermore,
the environmental heterogeneity has also been shown to play a significant role in the pattern formation of spatial complexity
[14]. The environmental heterogeneity not only arises from large-scale geological processes but also from the small-scale
feedback between organisms and natural resources [11,15–17]. Population dynamics in highly heterogeneous environments
can become less synchronized, which can facilitate the persistence of populations [18].
An important factor causing oscillations in a population is the time-lag due to regeneration and reproduction [19–21].
Studies on the effect of time-lag on the single- and multi-species population dynamics are mounting [22–24], with special
interest regarding predation and parasitism [9,25,26]. Recent work on behavioral choice has shed light on the mechanism
behind delayed response in behavior to environmental changes [27]. It was also shown mathematically, that the time delay
can cause, for instance, a stable equilibrium of delay differential equations to lose its stability and thus exhibit complicated. All rights reserved.
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matically increase [26,29].
Another factor behind the complexity of spatial patterns, as discussed above, is the environmental heterogeneity formed
by small-scale organism–environment feedbacks, formally known as niche construction [15–17,30–33]. Niche construction
refers to ‘‘the capacity of organisms to construct, modify and select important components of their local environment, con-
sequently modifying both biotic and abiotic sources of natural selection” [30]. Such modification can profoundly affect the
function of keystone species, the control of energy and material flows, ecosystem resilience and specific trophic relationships
[31,34–36]. Niche construction can also explain the maintenance of genetic biodiversity [15,36,37], such as polymorphism in
species [16,36,38], and further alter the direction of co-evolution [37]. Niche construction portrays a feedback between the
organism and its environment [15,16,31,37], which can be either positive or negative. A huge range of taxa display a clear
positive niche construction [30,36,39]. For example, the positive feedback of bioturbation and sulphide toxicity can maintain
the benthic community through the organic-carbon mineralization of sediment [40]. In semi-desert areas, soil nutrients are
often positively correlated with the vegetation coverage [41]. Negative niche construction can also be found in nature [42–
44]. Moreover, both positive and negative feedback can co-occur through different pathways or processes.
In this paper, we illuminate the dynamic consequences of time-lagged niche construction in metapopulations. We first
demonstrate the organism–environment relationship under three forms of time-lag in the niche-construction process
[37] using Levins’ patch occupancy model [45]. Second, we examine the effect of time-lag in niche construction using cellular
automata for illustrating metapopulation dynamics and spatial patterns. Finally, we discuss the relationship between those
factors (time-lag and niche construction) and the persistence and spatial patterns of metapopulations, with special focus on
the formation of phase-locked spiral waves.
2. Model
Most metapopulation theories are rooted from the patch occupancy model [45–47]:dp
dt
¼ cpð1 pÞ  ep; ð1Þwhere p is the fraction of patches occupied by the species (namely, occupancy); c and e the colonization and extinction rates,
respectively. The non-trivial equilibrium p ¼ 1 ec is globally stable as long as c > e. Species persistence, therefore, depends
on the compensation from re-colonization to the independent local extinction [48].
Incorporating the process of niche construction into a population model is normally difficult because this process often
involves feedback or frequency-dependent effects. It also imposes constraints on finding appropriate analytic methods [37].
For the above metapopulation model, we assume that the population’s capacity for altering environmental resources (that is,
niche construction) is determined by the occupancy. The amount of vital resource R for the growth and survival of the species
depends not only on the niche-constructing activities, but also other independent processes (that is, resource recovery and
depletion). Processes of positive and negative niche construction refer to the increasing and decreasing amount of the avail-
able resource. Therefore, the dynamics of this environmental resource follows the equation [36]:dR
dt
¼ k1ð1 cpÞ  1ð ÞRþ k2pþ k3; ð2Þwhere k1 and k3 are coefficients of independent resource depletion and recovery; k2 and c coefficients indicating processes of
positive and negative niche construction. Two additional boundary conditions are 0 < k1, k2, k3, c < 1 and k1 + k2 + k3 6 1. The
discrete format of this equation is:Rt ¼ k1Rt1ð1 cptÞ þ k2pt þ k3; ð3Þwhere pt is the occupancy at time t. The term k1 Rt1 indicates the amount of resource left from independent depletion;
(1  cpt) represents any further decay in the resource due to negative niche construction. When there is no niche construc-
tion (k2 = c = 0), the equilibrium amount of resource is R0 ¼ k31k1.
To depict the influence of the resource on population dynamics, we introduce here the concept of niche fitness. Because
the niche of a species can be described as a hyper-volume in a multi-dimensional resource spectrum [49], niche fitness can
be defined as the closeness (distance) between the optimum and current resource levels [50]. For simplicity, we assume that
the equilibrium amount of resource with no niche construction is the optimum resource level. A Gaussian-distribution den-
sity function was chosen for the ideal relationship between fitness and resource level [38]:w ¼ wmax exp a R R0ð Þ2
 
; ð4Þwhere wmax is the maximum niche fitness without external noise; a the parameter of niche breadth. Without losing gener-
ality, let wmax = 1. Research on metapopulation theories has suggested that reduced fitness will increase the extinction risk of
local populations [51] but decrease the colonization rate [15,39]. Upon this, we thus assume that the colonization and extinc-
tion rates are, respectively, an increasing and a decreasing function of niche fitness (c = c
0
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niche construction is a result of the accumulative effect of past and present n time steps (generations):Rt ¼ k1Rt1ð1 cptÞ þ k2
Xt
i¼tnþ1
pipi þ k3; ð5Þwhere pi represents the weight attributed to the impact of the ith generation’s niche construction. Following Laland et al.
[37], we consider three time-lagged forms of positive niche construction: equal-weight, recency effect and primacy effect.
In an equal-weight time-lag, all n generations of niche construction equally influence the resource at time t, i.e. pi = p for





pi þ k3: ð6ÞWhen recent generations have greater impact on the resource than earlier generations (i.e. the recency effect; for
instance, due to impact from earlier generations on the resource having been partially dissipated), we have pt > pt1 > pt2 >
. . . > ptn+1. Let pt declines exponentially, pti = li/u where i = 0,1, . . . ,n  1, 0 < l < 1 and u ¼ 1þ lþ l2 þ    þ ln1 ¼ 1l
n
1l .





ltipi þ k3: ð7ÞIf earlier generations have greater impact on the resource than recent generations (i.e. the primacy effect; for instance,
when a founder population moves to a new environment [37]), we have pt < pt1 < pt2 < . . . < ptn+1. Letpti = lni1/u,





li1ptnþi þ k3: ð8ÞIn all three cases, the dynamics of resources becomes Eq. (3) when n = 1.
Two methods were adopted for discussing the spatiotemporal dynamics of metapopulation under the three forms of
time-lagged niche construction. First, the temporal dynamics with different time-lag forms and the influence of key variables
on the system equilibriums was examined using bifurcation diagrams and numerical simulations [23]. The other method
was using a spatially structured model to illustrate the spatial patterns of niche-constructing metapopulations. We used a
lattice model for modelling metapopulations on a two-dimensional heterogeneous habitat (n  n patches) with synchronous
updating, von Neumann neighborhood, and periodic boundaries. The time for movement was ignored, a typical assumption
in metapopulation studies [52,53]. The simulation was run according to the probability transition model [54–56]. Let pt(i, j)
indicate the probability that patch (i, j) is occupied by a local population at time t. According to Eq. (1) and the relationships














XpXtði; jÞ is the sum of the probability values in the neighboring set X and has the specific form
P
XpXtði; jÞ ¼
ptðiþ 1; jÞ þ ptði 1; jÞ þ ptði; j 1Þ þ ptði; jþ 1Þ for von Neumann neighbors. Therefore, we set up the Markov chain for Eq.
(9) to calculate the occupant probability of each patch at time t. Using the probability transition model, the spatiotemporal
dynamics and distribution of niche-constructing metapopulation were explicitly revealed.3. Results
We first illustrated the temporal dynamics of the metapopulation under four scenarios of niche construction, that is, no
time-lag (Fig. 1a), equal-weight (Fig. 1b), recency effect (Fig. 1c) and primacy effect (Fig. 1d). Compared with the scenario of
no time-lag, the fraction of occupied patches by the metapopulation in equal-weight niche-construction scenario gradually
attained the equilibrium after a short time of damping oscillation. The dynamics with recency effect was almost similar to
the dynamics with no time-lag. The strongest response of the population dynamics to time lag is in the scenario of the pri-
macy effect, where the metapopulation occupancy fluctuated permanently after the initial irregular oscillation. Therefore,
the forms of time-lag that affect the metapopulation dynamics are, from strongest to weakest, niche construction with
the primacy effect, equal-weight and recency effect. It suggests that the time-lag, particularly the primacy effect of time-
lag, has a profound effect on the dynamics of niche-constructing metapopulations. Accordingly, the primacy effect was
focused in the following.
Bifurcation analysis reviewed the effect of model parameters on the metapopulation dynamics (Fig. 2). Eight parameters,
except the negative niche construction (analogy to the independent depletion of resource) were checked. Since the time-lag
Fig. 1. The temporal dynamics of niche-constructing metapopulation under four scenarios of time-lag: (a) no time-lag, (b) equal-weight, (c) recency effect
and (d) primacy effect. Parameter values are: c = 0.6, e = 0.1, k1 = 0.4, k2 = 0.55, k3 = 0.05, c = 0.1, a = 3; for all three scenarios with time-lag: l = 0.1, n = 9.
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the time-lag n. The dynamics under the primacy effect became similar to the dynamics under the equal-weight niche con-
struction when the ratio between weights approached one (Fig. 2a). When l increased to 1, the metapopulation dynamics
shifted gradually away from chaos and reached a constant equilibrium. The length of the time-lag also strongly destabilized
the metapopulation dynamics (Fig. 2b). Furthermore, the increase of c amplified the effect of time-lag (Fig. 2c), and the in-
crease of e diminished the effect of time-lag (Fig. 2d). Interestingly, the occupancy was maximized at a moderate level of
positive niche construction (Fig. 2e). The reason might be that at a low level of niche construction, there was little positive
feedback between the metapopulation and the resource content, whereas the resource exceeded the optimal level when the
niche construction was too strong. Therefore, the moderate level of niche construction could indicate an optimal life history
strategy of metapopulation [15]. In addition, the independent depletion and renewal of resource increased the metapopu-
lation occupancy without improving the dynamic stability (Fig. 2f and g), enhancing, to a certain degree, the metapopulation
persistence. However, the decline of niche breadth (i.e. the increasing of a value), indicating a species from generalist to spe-
cialist, resulted in the decline of occupancy and the loss of stability (Fig. 2h).
We further showed the temporal dynamics of both metapopulation and resource content (Fig. 3a). Two typical character-
istics of the system were exhibited. First, the oscillation eventually reached the equilibrium, a phenomenon called ‘‘statistical
stability” that can promote the metapopulation persistence [4,57,58]. Second, the oscillation was not synchronous but
phase-locked, with a constant phase lag [59], presumably due to the time-lag. Moreover, a closed curve appeared on the
phase plane of occupancy and resource content, indicating a stable limit cycle of the periodic oscillation (Fig. 3b). It thus im-
plied a possible wave-like spatial pattern of the system [11,59].
The spatial pattern of the metapopulation was shown in Fig. 4. Because spatial waves can not persist when the habitat is
too small [20,60], we set the habitat as 100  100 lattices. Three typical spatial patterns emerged, namely the spiral wave
(Fig. 4a), the spiral-broken wave (Fig. 4b) and the circular wave (Fig. 4c). Spiral waves appeared at moderate colonization
rate. When the dispersal capacity of local populations increased to accessing the entire habitat, the spiral wave broke into
many arms. When the limit cycle grew in size and was close to the axes of p and R in the phase plane (as in Fig. 3b), the
period of limit cycle grew significantly and formed the circular wave (Fig. 4c).
The spatial wave did not travel once stabilized (Fig. 5a). During the initial transition phase (t < 500), the spatial structure
was changing fast, indicating chaos and turbulence with short-lived spirals. The spiral then gradually formed with many
arms, and became stabilized in the habitat (Fig. 5a). Although the oscillator (due to the time-lag) was still acting on the
Fig. 2. Bifurcation diagrams of metapopulation occupancy (p) influenced by (a) the ratio of weights (l) of the primacy effect, (b) the length of time-lag, n, (c)
the colonization rate, c, (d) the extinction rate, e, (e) the positive niche construction, k2, (f) the independent depletion of resource, k1, (g) the independent
renewal of resource, k3, and (h) the niche breadth, a. Initial values are p(0) = R(0) = 0.05. Parameter values are: l = 0.1, n = 10, c = 0.3, e = 0.1, k1 = 0.7,
k2 = 0.25, k3 = 0.05, c = 0.1, a = 3, except l = 0.8 in (b), k1 = 0.8, k3 = 0.1 in (e), k2 = 0.2, k3 = 0.1 in (f), k1 = 0.5 in (g).
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Fig. 3. The temporal dynamics (a) and the phase plane diagram (b) of metapopulation occupancy (p) and resource content (R) in the case of primacy time-
lag. Parameter values are: c = 0.6, e = 0.1, n = 9, k1 = 0.4, k2 = 0.55, k3 = 0.05, c = 0.1, a = 3, l = 0.1.
454 X. Han et al. / Applied Mathematics and Computation 215 (2009) 449–458metapopulation, a fixed spatial structure of the metapopulation was formed. The resource content also exhibited a stable
distribution pattern (Fig. 5b). This spatial heterogeneity of environmental resource arose from the niche construction, an eco-
logical imprint of organisms on their environment. This ecological imprint can increase the probability of successful coloni-
zation and thus enhance the imprint further on. It suggests that the environmental heterogeneity and fixed species
distribution can be a necessary consequence of this self-organized process of ecological imprint.
4. Discussion
Spatial patterns in multi-species oscillatory systems are much richer than in single-species systems [59]. Typical patterns
include the spiral wave, turbulence and target patterns [1,12,13]. The spiral wave, consisting of a core and an arm, is highly
structured. Turbulence, by its very nature, exhibits varying amplitudes and wavelengths [1]. Target patterns consist of con-
centric waves that are periodically emitted from a small central region (a pacemaker) [61]. Besides the amplitude and fre-
quency of the periodic forces in determining the spatial wave [20], the environmental heterogeneity is the chief cause of
complex patterns [61]. For instance, the pacemaker of target patterns in oscillatory systems is actually formed by heteroge-
neities [61]. Overall, heterogeneity is a necessary prerequisite for spatial waves, whereas the amplitude and frequency of the
oscillatory system determine the shapes of spatial waves. Stich and Mikhailov [61] showed that heterogeneity acts as a wave
source or pacemaker under certain conditions of amplitude and frequency of the system, and the wave would curl in and
form a spiral when there is no pacemaker. Ramos [20] also showed that the spiral wave may break into several arms and
exhibit complex dynamics for a moderately large modulation region and low frequencies. In our system, the time-lag also
caused spatial waves, indicating that the time-lag acts as a significant oscillator. Moreover, both the occupancy and resource
content in habitat patches were initially set with random numbers, representing an initial spatial heterogeneity. Therefore,
our result is a confirmation of the effect of heterogeneity on the pattern formation in oscillatory systems.
To allow for long-term metapopulation persistence, a habitat network must satisfy certain conditions in terms of their
number, size and spatial configuration [62]. However, our results further emphasize the importance of spatial–temporal
dynamics to metapopulation persistence, in particular the spatial dynamics of heterogeneity formation and the synchronized
temporal dynamics. The idea that space can promote persistence was first proposed by Nicholson [63]. De Roos et al. [57]
first coined the mechanism that asynchronous dynamics of local populations improve the metapopulation persistence as
Fig. 4. Three typical spatial patterns of metapopulations: (a) spiral wave, c = 0.6, (b) spiral-broken wave, c = 0.9, (c) circular wave, c = 0.4, k1 = 0.3, k2 = 0.6,
k3 = 0.05. Other parameter are the same as those in Fig. 3.
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persistence [10,65,66]. Singh et al. [14] further showed that both spatial and demographic heterogeneities can lead to
Fig. 5. Snapshots of the dynamics of spatial patterns of the metapopulation (a) and the spatial structure of resource content (b). Parameters are the same as
those in Fig. 4a.
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detrimental to the spatial pattern formation, phase synchronization can lead to complex chaotic traveling waves that are
crucial for species persistence.
Not only can the time-lag cause the periodic and phase-locked fluctuation, it also generates immobile spatial waves when
incorporating the ecological imprint from niche construction. For metapopulation persistence, niche construction is also a
significant cause of spatial heterogeneity of the environment, which is an ecological imprint of the organism on its environ-
ment [15]. This spatial heterogeneity is self-regulated by feedback between organisms and their environment. This feedback
can explain a variety of ecological puzzles, such as the distribution limit of species and the polymorphism maintenance [15–
17,38]. It implies that niche construction may be a potential mechanism to maintain diversity. So far, studies of niche con-
struction focus mainly on culture and behaviour formation [68,69]. Donohue [68] provided examples whereby niche con-
struction creates positive or negative feedback between phenotypes and environments, which in turn cause novel
evolutionary constraints and life-history expressions. Furthermore, Miner et al. [69] have identified the morphological plas-
ticity as one biological cause of niche construction. Theoretical research has also shown that niche construction can pro-
foundly influence the dynamics and structure of ecological populations, metapopulations and communities, and thus
beget a new source of dynamic complexity into systems [15,16]. How niche construction affects species evolutionary speed
and direction warrants further investigation.
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